The interferon-stimulated gene 15 (Isg15) encodes a ubiquitin-like protein that is induced in the endometrium by pregnancy in mice, humans, and ruminants. Because ISG15 is a component of the innate immune system, we hypothesized that development of the embryo, fetus, and postnatal pup may be impaired in mice lacking Isg15 (Isg15 À/À ) and that this development would be further impaired in response to environmental insults such as hypoxia. The number of implantation sites, resorption sites, dead embryos, and the changes in overall gross morphology of the uterus were evaluated in Isg15 À/À mice on Days 7.5 and 12.5 postcoitum (dpc). Postnatal development also was monitored from birth to 12 wk of age. On 7.5 dpc, the number of implantation sites and serum progesterone concentrations were similar. However, embryo mortality increased (P , 0.05) in Isg15 À/À dams by 12.5 dpc, resulting in smaller litter sizes (4.26 6 0.21 embryos; n ¼ 83 litters) compared to Isg15 +/+ females (7.78 6 0.29 pups; n ¼ 47 litters). Embryo mortality in Isg15 À/À mice was further exacerbated to 70% when dams were stressed through housing under hypoxic conditions (P B ¼ 445 mmHg; 6.5-12.5 dpc). Transmission electron microscopy revealed lesions in antimesometrial decidua as well as trophoblast cells adjacent to decidual cells on 7.5 dpc. ISG15 was localized to mesometrial decidua on 7.5 dpc. By 12.5 dpc, ISG15 was intensely localized to the labyrinth of the placenta. By 7.5 dpc, uterine natural killer cell migration into the mesometrial pole was diminished by 65% and was less prevalent in Isg15 À/À compared to Isg15 +/+ deciduum. Postnatal growth rate of offspring that survived to birth from Isg15 À/À and Isg15 +/+ dams was not different. Embryo mortality occurs in pregnant Isg15 À/À mice, is exacerbated by environmental insults like maternal hypoxia, and might result from impaired early decidualization, vascular development, and formation of the labyrinth.
INTRODUCTION
Communication between the conceptus and uterus is critical for proper implantation, decidualization and placentation. In humans and other species, dysfunction of maternal-embryonic/ fetal interactions leads to miscarriage, preeclampsia, and intrauterine growth restriction (IUGR). Whereas miscarriage is lethal, preeclampsia and IUGR result in offspring that survive, and these individuals often have detrimental health consequences throughout postnatal life. One strategy used to identify fundamental processes in mammalian pregnancy is to study uterine and placental events that are conserved across diverse species. To this end, a uterine ubiquitin-like homolog called interferon-stimulated gene 15 (ISG15) has been described that is induced by pregnancy in ruminants [1, 2] , the human and nonhuman primates [3, 4] , and rodents [5] .
ISG15 was first described as a product of Ehrlich ascites tumor cells following treatment with interferon (IFN) [6] . ISG15 is thought to have both intracellular and extracellular functions. Within the cell, ISG15 becomes bound to target proteins through covalent linkage and is able to modify the activity of a wide array of constitutively expressed proteins [7] . Through targeting proteins, ISG15 conjugation greatly extends the repertoire of IFN-induced pathways [8] . In addition to binding intracellular target proteins, ISG15 is released from cells and may function as a cytokine to modulate immune responses such as upregulation of IFNG [9] [10] [11] .
ISG15 contains two ubiquitin-like domains connected in amino to carboxyl orientation in tandem. Similar to ubiquitin, ISG15 becomes covalently linked to substrate proteins through cooperative activities of at least three classes of enzymes [12] , including an ATP-dependent E1-like enzyme responsible for activation of ISG15 [13] , an E2-conjugating enzyme (UbcH8) [14] , and an E3-ligation enzyme (HERC5 in human and HERC6 in mouse) [15, 16] . ISG15 is removed from targeted proteins through the action of UBP43. It has been shown that dysregulation of protein modification in Ubp43 À/À mice causes impaired implantation and placentation leading to embryonic mortality [17] . In surviving Ubp43 À/À mice, hypersensitivity to IFN, brain cell injury, and decreased life expectancy have been reported [18] . Distinct from ubiquitin, ISG15 does not target these substrates for proteosomal degradation. Yet, it is recognized that ISG15 interacts with the proteosomal system because pharmacologic inhibitors of the proteosome increase conjugated ISG15 by modulating the ISG15-deconjugating enzyme UBP43 [19] . Furthermore, ectopic expression of ISG15 in cultured cells results in decreased polyubiquitination and stabilization of ubiquitin target proteins [20] .
A growing body of scientific evidence exists to implicate upregulation of ISG15 in innate immune responses [21] , suggesting that ISG15 plays a role in defense against viral infection [10, [22] [23] [24] [25] . ISG15 is one of several genes upregulated by IFNs released by virally infected cells. ISG15 functions through covalent linkage to targeted proteins in a manner that is similar yet distinct from ubiquitin. The first target of ISG15 to be identified was serine protease inhibitor 2a, a cytoplasmic protease highly expressed in antigenpresenting cells [26] . To date over 80 ISG15 substrate proteins have been identified, primarily through the use of mass spectrometry [27] , many of which coordinate signal transduction, glycolysis, stress responses, and translation.
Maternal hypoxia induces the invasive endovascular trophoblast cell lineage and promotes uterine vascular remodeling during placentation [28] , which is required for pregnancy in mice. However, it is well-known that human embryo development and fetal growth are impaired at high altitude [29] . In rodents, exposure to maternal hypoxia can cause IUGR and pregnancy failure [30] as well as developmental programming of fetal cardiac and peripheral vascular dysfunction [31] . Depending on time and extent of exposure to hypoxia during gestation, maternal stress can amplify reproductive phenotype in response to gene deletion. Less studied, but considered an important rodent-housing consideration, is the negative impact of low humidity on reproductive success in rodents [32] . Hypoxia and low humidity were introduced in the present experiments to test the hypothesis that environmental and maternal stressors amplify compromised embryonic viability in Isg15 À/À mice.
It is likely that the ISG15 pathway plays an important role in both reproduction [17] and antiviral responses [8] by affecting nuclear and cytoplasmic cellular functions. Because ISG15 and its conjugates are transiently expressed in the uterus during pregnancy in several mammalian species, we theorized that lack of ISG15 would disrupt pregnancy in mice. In 2005, Osiak et al. [33] generated Isg15-deficient mice and reported that the deletion of ISG15 did not affect embryogenesis, viability, or fertility. These authors also described a lack of effect of ISG15 on antiviral responses but subsequently reported a critical role for ISG15 in response to several RNA and DNA viral infections [23] . The objective of this study was to describe the phenotype observed in Isg15 À/À mice when stressed with hypoxia (i.e., increase elevation) or low humidity as a precursor evaluation to more mechanistic studies. Our efforts focused on the impact of ISG15 deficiency on litter size, histopathology of implantation sites, immunohistochemical localization of ISG15 and uterine natural killer cells (uNKs), and vascularity of implantation sites as well as postnatal ponderal development.
MATERIALS AND METHODS

Animals and Tissue Collection
Experimental procedures using mice were reviewed and approved by the Colorado State University Animal Care and Use Committee. Guidelines for the care and use of experimental animals were followed in the present studies. Isg15 À/À mice, generated on a mixed (129OLA-C57BL/6) genetic background, were kindly provided by Dr. KP Knobeloch (Abteilung für Molekulare Genetik, Institut für Molekulare Pharmakologie, and Charité Universitätsme-dizin, Berlin, Germany). Mice were quarantined and confirmed through screening to be pathogen-free prior to transfer to the mouse facility at the Animal Reproduction and Biotechnology Laboratory. Mice generated through mating Isg15 À/À females 3 Isg15 À/À males under mixed genetic background (129OLA-C57BL/6). Note that these mice were derived from the surviving mice resulting from these crosses (see Fig. 1 Mice were genotyped by PCR with genomic DNA purified from tail clips using a three primer assay (primer 1 wt, 5 0 -GCC CCC ATC CAG AGC CAG TGT T-3 0 ; primer 2 ko, 5 0 -CGC GAA GGG GCC ACC AAA GAA-3 0 ; primer 3 wt/ko, 3 0 -AGC CCC GAT GAG GAT GAG GTG T-5 0 ). Pregnancies were generated by crossing Isg15 þ/þ males and females as well as Isg15 À/À males and females. The presence of a vaginal plug was designated as Day 0.5 of pregnancy. Implantation sites were harvested following euthanasia on 7.5 and 12.5 days postcoitum (dpc). Gross observations were made comparing the number of implantation sites, resorbed sites, and dead embryos between genotypically distinct dams. Blood from animals on 12.5 dpc was collected from the infraorbital sinus into plain capillary tubes, centrifuged at 3000 rpm for 10 min, serum removed, and stored at À808C until serum concentrations of progesterone (P 4 ) were analyzed. Progesterone was extracted from thawed serum with diethyl ether and analyzed by a direct P 4 enzyme immunoassay (sensitivity ¼ 0.1 ng/ml; ALPCO Diagnostics, Salem, NH). Ponderal development was assessed in nine litters from each genotype. Animals were weighed weekly from birth to 5 wk of age.
Assessments of Pregnancy Outcome upon Exposure to Environmental Stressors
Low relative humidity. Five Isg15 þ/þ and five Isg15 À/À pregnant females were randomly assigned to a controlled humidity group that was subjected to normal-or low-humidity conditions. The normal-humidity group was kept in a mouse room with temperature set at 708F, humidity at 40%, and 12 h light regime, while the low-humidity group was kept in a mouse room with temperature set at 708F, humidity ,30%, and 12 h light regime. Litter sizes from 15 Isg15 þ/þ and 19 Isg15 À/À 8-wk-old females were recorded. Hypoxia. On 6.5 dpc, five Isg15 þ/þ and five Isg15 À/À pregnant females were randomly assigned to a prenatal hypoxia (PHx) group in which dams were exposed to low oxygen tension or to a normoxic (Nx) control group. The PHx treatment group was exposed to low oxygen tension (simulated altitude of 
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14 000 ft., P B ¼ 445 mm Hg, 11.6% inspired O 2 ) from 6.5 to 12.5 dpc. The Nx group was kept in the same room at ambient conditions. The timing of hypoxia treatment was based on known expression of ISG15 in decidua from 6.5 to 12.5 dpc. At the end of the respective treatment period, the PHx and NX dams were euthanized. The total number of implantation sites, number of resorbed sites, number of dead embryos, and the changes in overall gross morphology of the uteri from pregnant dams were evaluated.
Histology, Histochemistry, Immunohistochemistry, and Transmission Electron Microscopy
Implantation sites were fixed in 4% (w/v) paraformaldehyde and embedded in paraffin using standard histological procedures. Tissues were serially sectioned (6 lm) and mounted on glass microscope slides. These sections were stained with hematoxylin and eosin for histology or with appropriate antibodies and chromogens for immunocytochemistry.
In order to qualitatively characterize lesions at an ultrastructural level, implantation sites at 7.5 dpc from 10 Isg15 þ/þ and eight Isg15 À/À mice were fixed in 4% (v/v) glutaraldehyde in 0.1 M sodium cacodylate and 5% (w/v) sucrose and postfixed in osmium tetroxide. Samples were embedded in Poly/ Bed812 (Polysciences; Warrington, PA). One-micrometer-thick sections were cut and stained with toluidine blue for initial examination and to locate areas of interest. Out of these, tissue blocks presenting optimal orientation and plane of section from four Isg15 þ/þ and five Isg15 À/À mice were further processed for transmission electron microscopy. Thin sections (60-80 nm) were cut and stained with uranyl acetate and lead citrate and evaluated using a JEOL JEM 1200EX transmission electron microscope.
The uNKs were identified using Dolichos biflorus agglutinin lectin histochemistry according to the method described by Herington and Bany [34] . This approach identifies most uNKs. The number of uNKs was assessed through computer-assisted image analysis (Image Pro Plus for Windows, ver. 4.0; Media Cybernetics, Silver Spring, MD) at 2003 magnification. A minimum of three nonadjacent sections at least 40 lm apart was analyzed per implantation site.
To localize ISG15 in wild-type mice and confirm the lack of ISG15 expression in Isg15 À/À mice, immunohistochemistry was completed on uterine cross-sections by using a polyclonal antibody against ISG15 (1:500) kindly provided by Dr. Debora Lenschow (Departments of Pathology and Immunology, Washington University School of Medicine, St. Louis, MO). Primary antibody was detected using Vectastain ABC kits (Vector Laboratories, Burlingame, CA). Slides were counterstained with hematoxylin, followed by lithium carbonate (1%, w/v), and coverslipped in Crystal Mount (Fisher Chemical, Denver, CO).
To assess possible changes in the vascular layer of implantation sites, immunohistochemistry was performed with 20 lg/ml of isolectin B4 antibody (20 lg/ml) in 0.1% (w/v) bovine serum albumin (Vector Laboratories, Burlingame, CA), 20 lg/ml horseradish peroxidase-streptavidin as the enzyme conjugate, and 3-amino-9-ethylcarbazole as the chromogen. Sections were counterstained with Mayer hematoxylin. Morphometric analysis of sagittal sections of 12.5 dpc sections was carried out as described [35, 36] with the aid of computer-assisted image analysis (Image Pro Plus for Windows, ver. 4.0; Media Cybernetics). Vascular density was estimated using the image J software [37] .
Experimental Replication and Statistical Analysis
Each experiment was independently replicated three times with different mice being used in each experiment. Mice were randomly assigned to each experiment. Raw data were analyzed using the general linearized model of statistical analysis systems [38] . Mean values were considered statistically different when P 0.05.
RESULTS
Fecundity and Ponderal Development
No significant difference in sex ratio was observed between litters born from Isg15 þ/þ and Isg15 À/À dams. However, a significant difference (P , 0.001) in litter size was observed between the Isg15 þ/þ (7.78 6 0.29 pups/litter, n ¼ 47 litters) and Isg15 À/À (4.26 6 0.21 pups/litter, n ¼ 83 litters) breeding pairs, with Isg15 À/À females delivering 45% fewer offspring (Fig. 1A) . In offspring that survived to term, postnatal growth was similar when comparing pups born to Isg15 þ/þ and Isg15 À/À dams throughout the first 5 wk of life (Fig. 1B) .
Fetal Loss and Histopathology of Implantation Sites
By 7.5 dpc, the number of implantation sites averaged nine and was similar between the two genotypes and no significant difference (P . 0.05) in serum concentration of P 4 was detected (Isg15 þ/þ ¼ 22.19 6 3.24 ng/ml; Isg15 À/À ¼ 16.48 6 3.44 ng/ml). However, a significant increase (P , 0.001) in embryo mortality was observed in Isg15 À/À dams by 12.5 dpc (Fig. 2) . A remarkable histological finding was a lesion characterized by moderately advanced degeneration and necrosis in 7.5 dpc Isg15 À/À implantation site sections (Fig.  3) . Within the antimesometrial decidua, focal areas with cells possessing pyknotic nuclei and abundant eosinophilic cytoplasm were present (Fig. 3E) . In some cases, the periphery of these areas was densely infiltrated with white blood cells. Histomorphometric analysis of medial sections obtained from implantation sites on 12.5 dpc revealed an overall reduction (P , 0.01) in the thickness of the placental disk in Isg15 À/À fetuses when compared to Isg15 þ/þ fetuses (Fig. 3, B and F) .
FIG. 2. Embryonic mortality in
Isg15 À/À and Isg15 þ/þ mice. Implantation chambers represent 12.5 dpc in Isg15 þ/þ (A) and Isg15 À/À (B) mice. Quantitation of these data revealed that on 7.5 dpc, there was no difference in embryonic mortality between the two genotypes. However, by 12.5 dpc, there was a significant loss of Isg15 À/À (**P , 0.01) when compared to Isg15 þ/þ embryos (C).
Isg15 À/À CAUSES REDUCED LITTER SIZE IN MICE
Specifically, the labyrinth zone was found to be proportionally thinner in Isg15 þ/þ fetuses. Placental stromal structure was denser, and a more complex vascular tissue was evident in Isg15 þ/þ when compared to Isg15 À/À (Fig. 3, D and H, respectively). In addition to this reduction in overall available vascular tissue, quantification of the vascular density as marked by isolectin B4 staining showed a 17% reduction (P ¼ 0.036) in labyrinth vascular density in Isg15 À/À placentas.
Transmission Electron Microscopy of Antimesometrial Implantation Sites
Transmission electron microscopic evaluation of implantation sites at 7.5 dpc confirmed light microscopic findings and provided additional information not discerned at the light microscopic level (Fig. 4) . The necrotic and degenerative changes were not limited only to decidual cells (as noted at the light microscopic level) but were also observed in trophoblastic cells (Fig. 4D) . Cytoplasmic constituents of Isg15 þ/þ trophoblastic cells, viz., fine filaments, polyribosomes, and dense glycogen aggregates, which collectively impart dark appearance to the cells (Fig. 4, A and B) , are aberrant (Fig. 4C) or not seen (Fig. 4D ) in Isg15 À/À trophoblastic cells. In addition, necrotic changes such as disintegrating, broken cell and nuclear membranes, cytoplasmic vacuolation, chromatin condensation, nuclear shrinkage, and inclusions are seen (Fig. 4D) . Furthermore, the close association between trophoblastic and decidual cells is lost.
Vascular Development and uNKs
Isolectin B4 staining revealed more dense presence of capillaries in Isg15 þ/þ labyrinth (12.5 dpc) compared to Isg15 À/À labyrinth (Fig. 5) . Immunohistochemical staining for ISG15 showed emerging and variable localization to decidua around the embryonic chamber on 7.5 dpc. As expected, ISG15 protein was not detected by immunohistochemistry in sections from Isg15 À/À female mice, thus confirming ablation of the Isg15 gene (Fig. 6B) . Anti-ISG15 antibody specificity was confirmed in negative control experiments in which ISG15 antibody was replaced by nonimmune immunoglobulin G antibody (Fig. 6C) . By 12.5 dpc, ISG15 was consistently and intensely expressed in the labyrinth (vascular) layer and absent in the spongiotrophoblast layer of the placenta (Fig. 6, D and  E) .
A difference (P , 0.001) in the number and distribution of uNKs was observed at implantation sites between Isg15 þ/þ and Isg15 À/À dams (Fig. 7) . By 7.5 dpc, a reduction of 65% in the number of uNKs was observed in the Isg15 À/À compared to Isg15 þ/þ mice. Uterine natural killer cell migration into the mesometrial pole was shallower in the Isg15 À/À deciduum when compared to Isg15 þ/þ deciduum. By 12.5 dpc, uNKs were more concentrated in the decidua basalis and had more diffuse localization in the metrial gland in Isg15 À/À mice.
Negative Impact of Environmental Stressors on Pregnancy in Isg15 À/À Mice
The impact of environmental stress on embryo mortality in Isg15 þ/þ and Isg15 À/À dams was examined through subjection to low relative humidity and hypoxic conditions (Fig. 8) . Low relative humidity (,30%) had no detrimental effect on litter size in Isg15
, but did reduce (P , 0.05) litter size in Isg15 À/À dams (Fig. 8A ) on 12.5 dpc. Hypoxia had no impact on litter size in Isg15 þ/þ females. However, Isg15 À/À females had smaller (P , 0.05) litter sizes following exposure to hypoxia when compared to Isg15 þ/þ females on 125 dpc (Fig. 8A ).
DISCUSSION
The conceptus adheres to the endometrium, induces decidualization of the endometrial stroma, invades through the release of proteases, and induces angiogenesis and remodeling of the maternal vasculature to seek nutrients [39, 40] , which is similar to mechanisms used by the semiallograft [41] . The primary difference in the implantation response from þ/þ (C-E) and Isg15 À/À (F-H) mice. On 7.5 dpc, wildtype implantation sites were normal (A), while Isg15 À/À implantation sites (E) had moderately advanced degeneration and necrosis in antimesometrial trophoblast and decidua. Wild-type placentas appeared normal on 12.5 dpc (B-D), whereas Isg15 À/À placentas (F-H) showed a thinner stromal structure and less complex vascular development. Histomorphometric analysis revealed an overall reduction (P , 0.01) of the depth of the placental disk (labyrinth and spongiotrophoblast) in Isg15 À/À (F) compared to wild-type mice (B). AM, antimesometrial pole; GT, giant trophoblast cells; M, uterine mesometrial compartment; D, decidua; L, labyrinth zone; UC, umbilical cord. Arrows pointing right identify fetal blood vessels containing metarubricytes. Arrows pointing left identify maternal blood vessels. Bars in B, C, F, and G ¼ 100 lm. D and H are high magnification images of C and G, respectively.
HENKES ET AL.
that of a metastatic tumor is that the degree of invasion and proliferation has checkpoints within the maternal response to conceptus-derived signals. Delineation of how the uterus differentiates in response to implantation of the embryo and why defects such as gene deletion and physiological stress cause embryonic mortality is critical toward developing strategies designed to prevent or detect miscarriage. Physiological and environmental stressors such as hypoxia that occur during high altitude pregnancies and smoking are associated with spontaneous abortion, ablatio placentae, and reduced weight at birth [42, 43] .
Over the last decade, several studies have demonstrated that ISG15 is expressed as an early endometrial response to pregnancy in human [3, 44] , bovine [1, 45] , ovine [46] , mice [5, 47, 48] , and other mammals (reviewed in [49] ), strongly suggesting that the ISG15 system might be critical for pregnancy maintenance and/or fetal viability. Although, previous reports using Isg15 À/À mice have failed to demonstrate any reproductive
FIG. 4. Ultrastructural features of trophoblastic cells in Isg15
þ/þ and Isg15 À/À mice at 7.5 dpc. In Isg15 þ/þ , trophoblastic cells (A, B) the cytoplasm is filled with fine filaments, polyribosomes, and dense glycogen aggregates, all of which impart a dark appearance to the cell. Cisternal profiles (arrows in A) and membrane-granule complexes (arrows in B) frequently containing electron-dense lipid inclusions (arrowheads) are apparent. Euchromatin and fully mature nucleolus (arrowhead) characteristic of this stage of development are seen in A. In Isg15 À/À mice (C, D), some trophoblastic cells manifest early degenerative or regressive changes (C) while others appear degenerated (D). In the trophoblastic cell in C, note intact nucleus with characteristic nucleolus (arrowhead) but less granular, homogeneous, compacted perinuclear areas (asterisk). An extension of the trophoblastic cell (te) is seen sandwiched between two decidual cells (dc). In D, note disintegrating, broken cell and nuclear membranes (arrows) and characteristic nuclear changes in cell death (pyknosis): chromatin condensation, nuclear shrinkage, rupture of nuclear envelope, nuclear inclusions, and cytoplasmic vacuolation and blebbing. Note large vacuolation (asterisk) to the left of trophoblastic cells, indicating degeneration and sloughening of trophoblast-decidual cell interface (compare with the two decidual cells in close apposition to the trophoblastic cell in C). Bars ¼ 2 lm. 
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disorders [33] , we have noted a significant reduction in litter size, when compared to Isg15 þ/þ mice. After examining more than 100 litters, it was concluded that Isg15 À/À mice actually have a high rate of embryo mortality and a significant reproductive phenotype, which is documented by smaller litter sizes (Fig. 1) .
The 45% reduction in litter size in Isg15 À/À mice provides a rare opportunity to examine dying and living embryos within the same litter to determine why some Isg15 À/À embryos die and how ISG15 contributes to embryo survival. Because litter size was reduced in Isg15 À/À mice, experiments were completed to determine when these embryos die so that deciduas and placentas could be examined histologically and functionally. On 7.5 dpc, no difference in the number of live implantation sites was found between genotypes, indicating no disruption of the normal ovulatory process in the Isg15 À/À mice. However, there was significant loss of embryos between 7.5 and 12.5 dpc. Death of these embryos may be caused by dysfunctional communication between the conceptus and uterus. It also could be caused by asynchrony of proliferation, differentiation, and then expansion of the placenta as the decidua recedes and is replaced by the spongiotrophoblast and the developing labyrinth from 7.5 to 12.5 dpc. In Isg15 À/À mice, a disruption of normal morphology was observed in the antimesometrial decidua by 7.5 dpc. Focal degeneration and necrosis were noted in the antimesometrial primary decidua (Fig. 3) , which corresponded with previous reports of in situ localization of Isg15 (also known as G1p2) mRNA by 7.5 dpc [5, 48] . Additionally, Isg15 À/À placentas were developmentally stunted with decreased overall labyrinth tissue as well as diminished vascular density compared with Isg15 þ/þ placentas on 12.5 dpc.
Decidua from Isg15 À/À and wild-type mice collected on 7.5 dpc differentially express several mRNAs [47] , many of which encode proteins that regulate survival and antiapoptotic pathways. Deletion of Isg15 results in 50% embryo loss after 7.5 dpc, which might be explained through differential decidual gene expression that is functionally tied to cell survival and adhesion pathways. This embryo mortality also might relate to impaired cytokine signaling. For example, ISG15 and modification by conjugation to ISG15 (ISGylation) are induced by interleukin (IL)-1b and IFN in cultured human stromal cells and IL-1b in cultured murine endometrial explants [47] . Likewise, histological examination of decidua on 7.5 dpc revealed necrotic and degenerating cells with an influx of red blood cells (i.e., hemorrhage). This finding supports that this lesion in the antimesometrial decidua contributes to impaired maternal-embryo signaling. Further support for this inference comes from the ultrastructural observations: the disruption of Isg15 À/À CAUSES REDUCED LITTER SIZE IN MICE juxtaposing association between decidual cells and trophoblastic cells and degenerative lesions found in trophoblastic cells. However, the possibility that ISG15 per se plays a role in maintaining the integrity of trophoblast cannot be ruled out. It is concluded from these findings that deletion of Isg15 causes a primary lesion in antimesometrial decidua, which may cause or be the consequence of lesions in the trophoblast during implantation in the mouse.
Isg15 mRNA concentrations can be first detected in the decidua between 4.5 and 7.5 dpc in pregnant mice and levels detected are significantly greater when compared to little or no Isg15 mRNA in decidua from pseudopregnant mice [5] . Using in situ hybridization, Isg15 mRNA was localized in the antimesometrial decidua on 7.5 dpc specifically in response to pregnancy-induced decidua when compared to the artificially induced deciduoma. Bany and Cross [48] confirmed that Isg15 mRNA was localized to the antimesometrial decidua on 7.5 dpc in response to pregnancy, rather than a general response to an artificially induced deciduoma. In the present studies, histomorphometric analysis revealed lesions in implantation sites from Isg15 À/À dams. The observed lesions in Isg15 À/À implantation sites might be associated with impaired immune cell function. This is reasonable based on reports of Isg15 À/À disrupting immune function and responses to viral infection by others [50] , which could extend to immune cells with specialized function during implantation. The intensity of ISG15 expression on 7.5 dpc was variable with diffuse staining around the embryo chamber as well as adjacent mesometrial decidua. The diminished decidual staining of ISG15 to the antimesometrial pole may be related to slight differences in timing of development and progression in implantation across mouse strains used in these studies. Regardless, by 12.5 dpc, there is significant, specific, and intense staining of ISG15 in the labyrinth, which may reflect a role for ISG15 in the formation of the placenta and more specifically nutrient exchange as pregnancy progresses. Exactly how expression of ISG15 in the labyrinth might affect the aforementioned recruitment of specialized immune cells remains to be determined but might be caused by signals (cytokines, chemokines, etc.) released by the developing labyrinth to facilitate vascularization of the spongiotrophoblast and metrial gland.
Type I IFN (i.e., a, b, x) induces ISG15 [51, 52] in a variety of cells. In murine decidua, IL-1B also induces ISG15 [47] . After release from cells, ISG15 has been shown to upregulate synthesis and release of IFNc [9, 53] . Embryos die between 7.5 and 12.5 dpc in Isg15 À/À mice. Because ISG15 regulates immune cells and induces release of IFNc, uNKs were examined in 7.5 and 12.5 dpc mesometrial decidua or placenta; respectively. By 7.5 dpc, uNKs were fewer in number and had not infiltrated as extensively into the mesometrial pole. Reduced flow of maternal blood to the implantation site has been shown in Rag2/cc null mice, which are deficient in uNKs [54] . By 12.5 dpc, the diminished infiltration of uNKs in Isg15 À/À mesometrium was even more apparent. These results are suggestive of impaired uNK numbers and migration into the mesometrium. Whether this is reflective of other altered immune cell responses that affect implantation and embryo survivability remains to be demonstrated.
The placenta functions to produce growth factors, cytokines, and pregnancy-recognition signals [55] [56] [57] [58] [59] [60] [61] . However, the primary longer-term function is to facilitate transport of nutrients and oxygen to the fetus during pregnancy. Recruitment of blood vessels and increased blood flow via dilation are critical vascular responses [61] . Also, branching morphogenesis into the decidualized stroma allows increased surface area for transport of nutrients and gases [62] . Defects in placental function, whether problems in the labyrinth, spongiotrophoblast, or trophoblast giant cells, might result in impaired placental responses that cause intrauterine fetal growth restriction [56, [62] [63] [64] [65] . For example, reduced surface area within the labyrinth layer in the placenta would limit nutrient uptake by the fetus. Structural and functional placental integrity in Isg15 À/À may be compromised, and this may potentially lead to placental complications of pregnancy and high embryonic and/or fetal mortality.
After tracking daily relative humidity records, we learned that the Isg15 À/À litter size was negatively affected during times when humidity dropped below 30% (Fig. 8A) . Environmental stress in the form of relative humidity of ,30% had no impact on litter size in Isg15 þ/þ mice. However, in Isg15 À/À mice under relative humidity of ,30%, the litter size was reduced to an average of only 2.5 live pups per litter. Because relative humidity potentiated embryo mortality in Isg15 À/À mice, other more extensively studied and accepted environmental stressors on pregnancy were examined. Hypoxia was selected as a physiological stressor because it is well established that low oxygen tension promotes extensive tissue remodeling at the maternal-fetal interface [66] [67] [68] [69] [70] while also causing pregnancy loss, IUGR, and impaired programming of fetal cardiovascular and peripheral vascular development depending on the extent of hypoxia as well as timing of exposure during gestation [29] [30] [31] .
Under Nx conditions and relative humidity of 45%, embryo mortality by 12.5 dpc was 14% and 24% in Isg15 þ/þ and Isg15 À/À , respectively. However, when hypoxia, in the form of maintaining mice in a hypobaric chamber, was applied from 6.5 to 12.5 dpc, embryo mortality remained relatively stable in the Isg15 þ/þ mice, while it doubled in the Isg15 À/À mice. It is well-known that early placenta develops under relatively hypoxic conditions and as a consequence, oxygen plays an important role in its development [71, 72] . Maternal hypoxia during pregnancy activates the invasive trophoblast and promotes uterine vascular remodeling in rodents [28] . At least in human cells, ISG15 conjugation targets a number of proteins functioning in diverse cellular pathways, including stress responses [8] . Consequently, ISG15 may function to help the mother (decidua) and embryo (placenta) cope with environmental stresses during pregnancy. This model, under these two environmental insults may have relevance to mechanisms that occur during miscarriage and placental abruption in women under arid conditions and at high altitudes [73] .
Isg15 mRNA is specifically and intensely localized to antimesometrial decidua by 7.5 dpc [5, 48] , however, by 12.5 dpc, immunohistochemical staining of ISG15 is very specific and intense in the labyrinth. Perhaps a role for ISG15 exists early in the decidua, which then is followed by function in development of the placenta, and more specifically the labyrinth. In the absence of Isg15 gene, embryos are more prone to death in response to environmental stressors, and this may be associated with impaired coordination of placental angiogenesis. Because ISG15 mediates immune, inflammatory, and antiviral responses [11, 27, 50, [74] [75] [76] [77] , Isg15 À/À may also affect specialized immune cell function during pregnancy, which may contribute to loss of embryos. Further studies are necessary to determine the precise sequence of placental events and to distinguish between primary causal mechanisms and secondary changes resulting in the high embryonic mortality observed in the Isg15 À/À mice. HENKES ET AL.
